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Introduction 
About 5-10% of patients with neurofibromatosis type 1 (NF1) are heterozygous for a contiguous gene 
deletion that includes the entire NF1 gene.  Although limited in scope, previous studies provide compelling 
evidence that microdeletion patients show early onset and large numbers of cutaneous neurofibromas, and a 
higher frequency of plexiform neurofibromas, malignant peripheral nerve sheath tumors, and other solid 
tissue malignancies.  We propose to perform systematic, comprehensive clinical and molecular studies of 
subjects with NF1 microdeletion to examine the gene(s) responsible for the severe tumor phenotype of 
microdeletion patients.  The specific aims of this research are 1) To determine the clinical spectrum, 
genotype/phenotype correlations associated with heterozygosity for an NF1 microdeletion.  Genomic DNA 
of NF1 subjects will be examined by a multi-step screening protocol to identify germline microdeletion 
carriers, to map the extent of each deletion.  We will correlate molecular data with the results of a 
comprehensive clinical evaluation of deletion and nondeletional NF1 control subjects.   2) To determine if 
cutaneous neurofibromas of germline NF1 microdeletion patients show evidence of genomic instability or 
homozygous NF1 microdeletion that may contribute to the early onset of neurofibromagenesis.  Primary 
neurofibroma tissue from microdeletion patients will be analyzed to determine the presence and nature of 
2nd hit mutations and whether these cells exhibit characteristics of genomic instability.  3) To screen 
candidate modifier genes in the NF1 microdeletion region for mutations in subjects with early onset 
cutaneous neurofibromas who are not carriers of an NF1 microdeletion.   4) To employ the newly developed 
FLASH technology to interrogate the NF1 microdeletion region and construct a physical map that will 
determine, the sequence of all of the genes, unique noncoding regions, and paralogs (including the putative 
NF1 duplicated gene) of the NF1 microdeletion region. 
 
Body 
 
The original STATEMENT OF WORK and progress to date described below. 

 
Preface: This is a progress report for year 4 (rather than a final report) because a request for a no-cost 
extension is under consideration by Dr. Naba Bora and the staff of the CDMRP Neurofibromatosis 
Program. Earlier this year, I discussed with Dr. Bora imminent changes in my academic appointment at 
the University of Washington, which involved transfer to a new department and new responsibilities that 
are outside of the field of neurofibromatosis basic research. At Dr. Bora’s request, and our mutual desire 
that the remaining funds in this grant be used to advance neurofibromatosis research, I submitted a a no-
cost extension, along with a slightly modified SOW and subcontract of research activities to the 
University of Florida, laboratory of neurofibromatosis expert Dr. Margaret Wallace. This request is under 
consideration. Therefore, this progress report will summarize progress in my laboratory from April, 2006 
until Jan, 2007 when my neurofibromatosis bench experiments ceased. Since that time data analysis and 
manuscript writing activities are on-going.  
 
 
Year 1, Months 1-8: Statement of Work in original grant application (underlined) and progress to 
date:  
 
• Develop a clinical database, train personnel to use.   
Completed and described in previous progress reports. 
• Design and test clinic evaluation forms for patient assessment.  
Completed and described in previous progress reports. 
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• Design STS primers for interrogation of fosmid library. 
Completed.  Our analyses of 4 different data sources of genomic sequences (detailed in last year’s 
progress report) did not support the presence of tandem NF1 duplications at 17q11.2. Therefore, there is 
no valid scientific basis for further work on aim #4 (a project that was to be supported by the University 
of Washington Genome Center and performed at no cost to this grant). 
 
 
Years 1-2 Statement of Work in original grant application (underlined) and progress to date:  
 
• Enroll new patients in the study.   
Completed. No new patients will be enrolled.  Existing pathological specimens will be analyzed. 
Enrollment of patients was significantly delayed by the time required for the Army HSRRB to approve 
our application (submitted July 2003, approved February, 2004) and has remained a delaying factor in our 
research.   We currently have enrolled about 50 subjects.  These are in addition to existing DNAs from 
other previously ascertained patients and anonymous DNAs.  If the no-cost extension and subcontract to 
the University of Florida is granted, the number of patients available for the study will increase 
significantly by the large cohort of NF1 patients ascertained by Dr. Wallace. 
• Screen for NF1 microdeletion patients, map extent of deletions, develop new deletion junction assays 

as needed.  
Completed.  In last year’s progress report, I described 3 types of assays that were developed and 
validated.   

1)  PCR-based ssays to detect the recurrent 1.4 Mb deletions at PRS1 and PRS2 recombination 
hotspots.  
These two assays rapidly detect the majority (~70%) of NF1-REP-mediated microdeletions.  
Therefore these data and the assays we developed can be used for rapid detection and diagnosis of 
NF1 microdeletion carriers in either the research or clinical setting. A manuscript of these data is 
being revised by Dr. Stephens at this time.  These data were originally submitted (to separate 
journals) for publication concurrently with the Forbes et al (6) manuscript.  These manuscripts 
“crossed” in the mail, with one accepted and one rejected at their respective journals.  Forbes et al. 
was accepted and published; however, because it summarized some of these, we must now re-
package these data so they will complement, and not repeat the data described in Forbes et al (6).   
 

New multi-center collaboration to study recombination hotspots in NF1 microdeletion subjects identified 
by the above assays.   
   DNAs of the subjects with recombination breakpoints at PRS1 and PRS2 were shared with the 
laboratory of Dr. Eric Legius (University Leuvin, Belgium) to contribute to a large study analyzing the 
conservation of hotspots in the REPs.  This study found evidence for shared hotspots of recombination 
among the REPs.  REP19, originally discovered by us on chromosome 19p (5),contained hotspots in the 
same place as the nonalllelic recombination hotspots in NF1-REP-:1 and NF1-REP-M that flank the NF1 
gene.  These data are detailed in De Raedt T, Stephens M, Heyns I, Brems H, Thijs D, Messiaen L, 
Stephens K, Lazaro C, Wimmer K, Kehrer-Sawatzki H, Vidaud D, Kluwe L, Marynen P, Legius E.  
Conservation of hotspots for recombination in low-copy repeats associated with the NF1 microdeletion.  
Nature Genet 38:1419-1423, 2006 (see Appendix for pdf of publication). 
 
New application of assays:  These assays facilitated collaboration between us and with Drs. Margaret 
Wallace and David Muir (University of Florida), which resulted in development of a model for the study 
of plexiform neurofibroma tumorigenesis.  In this research an NF1 tumor-derived Schwann cell line was 
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chosen for xenografts into the peripheral nerve of scid mice. Our deletion specific assays were 
instrumental in screening NF1 tumor-derived cell lines in order to make a judicious choice on the one 
chosen for xenograft studies.  The model facilitates testing of potential therapeutic interventions in a 
relevant cellular environment.  This work is described in the recently published article Perrin GQ, 
Fishbein L, Thomson SA, Thomas SL, Stephens K, Garbern JY, Deries GH, Yachnis AT, Wallace MR, 
Muir D. Plexiform-like neurofibromas develop in the mouse by intraneural xenograft of an NF1 tumor-
derived Schwann cell line. J Neurosci Res 85:1347-1357, 2007 (see Appendix for pdf of article). 

 
 
2) Assays to detect microdeletions at unique regions, not at the recombination hotspots. These 

assays employed real-time competitive PCR to measure gene dosage.  
Studies completed, with disappointing results.  In last year’s progress report we gave an extensive 
and detailed description of a series of new quantitative PCR (qPCR) assays at 5 loci that we 
developed to detect NF1 regional deletions.  As detailed last year, every aspect of these assays was 
sound:  reproducibility and low intra- and inter-assay variation on bona fide disomic and monsomic 
NF1 patients.  Importantly, the approximated 95% confidence limits (measured as ± 2 S.D.) for the 
range of normal and deleted values did not overlap.  Inter-assay variations at each locus demonstrated 
distinct value ranges for normal and deleted (i.e., disomy and monosomy). These assays were used to 
screen >250 patients for novel deletions in/near NF1 and about 10 positives were identified. 
Surprisingly,the putative deletions were not confirmed by FISH and/or polymorphic marker analysis 
(including family members when available). We spent considerable time and energy last summer and 
fall trouble-shooting and trying to rescue the assays.  After considerable work repeating assays, 
redesigning assays, repurifying template DNA, etc., we have come to the final, but difficult, 
conclusion that for reasons that cannot be determined, these assays are not reproducible nor reliable 
when applied on a large scale to unknown patient samples. In the interim, new techniques have been 
developed by others, such as multiplex ligation probe amplification that have been successfully 
applied to determine copy number at the NF1 locus. Therefore, it is unreasonable to spend further 
resources on this assay. Failure of this assay was a major disappointment for the laboratory. 

  
 

• Ascertain NF1 subjects that show early onset cutaneous neurofibromas that do not carry 
microdeletions.  

To date we have identified 5 such patients, including one family that appears to have early onset 
cutaneous neurofibromas. I will no longer be enrolling patients at the University of Washington for these 
studies.  However, if the no-cost extension and subcontract of research to the University of Washington is 
approved, Dr. Wallace will combine her subjects of similar phenotype with our 5 subjects and continue 
this work. Our combined subjects will make this a more robust study. 
 
• Determine conditions for immunohistochemistry, test and choose optimal antibodies.   This work 

relates to Aim #2 - To determine if cutaneous neurofibromas of germline NF1 microdeletion patients 
show evidence of genomic instability.  There are several types of genomic instability that can be 
detected in cells, and an important type is centrosome abnormality, which leads to abnormal mitoses 
and consequent losses and gains of chromosomes.  We propose that this might be a mechanism in 
NF1-related tumorigenesis because  
1) As are detailed in our progress report last year, we found that neurofibromin localizes to the 
centrosome in human primary keratinocytes, several simple epithelial cell lines, and mouse 3T3 
fibroblasts.  To examine more pathologically-relevant cells, we obtained normal cultured Schwann 
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cells (complements of Dr. David Muir, University of Florida) and found no nuclear localization of 
neurofibromin.  A few months ago, we extended this study to examine primary cultured Schwann 
cells from a nonlesional, nontumor sciatic nerve site obtained at autopsy of a subject with 
neurofibromatosis, who was heterozygous for the 1.4 Mb NF1 microdeletion and died of an MPNST 
(complements of Dr. Margaret Wallace). These cultured cells also did not have centrosomal-
neurofibromin. 

 
• 2) Centrosome abnormalities in size, number, and structure are hallmarks of many solid and 

hematologic malignancies and pre-malignant neoplasms (10-13).  In last years’ progress report, we 
documented neurofibromin co-localization to the abnormally structured and clumped multi-
centrosomes in squamous cell carcinoma cell lines.  More importantly, we have documented and 
confirmed the presence of abnormally structured and clumped multi-centrosomes in one dermal 
neurofibroma from an NF1 patient with a ~1 kb microdeletion (see figure below).  This observation 
poses several important questions, which will be addressed in experiments incollaboration with Dr. 
Margaret Wallace, if the no-cost extension and subcontract to the University of Florida is approved.  
The questions are whether other neurofibromas (from NF1 deletion and/or intragenic mutation 
patients) also show abnormal and multipolar mitoses and in particular, whether neurofibromin 
localizes to the abnormal centrosomes.  The centrosome structure will be important to examine in 
MPNST tissues and cell lines, particularly because they show significant aneuploidy, which could be  
direct result of centrosome dysregulation. We will share our antibodies, and tumor blocks, with Dr. 
Wallace, who also has MPNST cells from NF1 patients and primary tumors that will extend our smll 
collection to make the study more robust.  She has experience in immunofluorescence and 
neurofibrom antibodies and has published previously in this area. These studies will provide new 
insight into neurofibromagenesis and transition to malignancy and have the potential for identifying a 
tumorigenesis a marker for the transition from the benign to the malignant process. 

 

   
Immunofluorescence of an NF1-related neurofibroma showing a DAPI (blue) stained nucleus and 
FITC (green) stained centrosomes (anti-γ-tubulin), which are abnormal in number and 
arrangement.  Note that the central cell in the left figure gives the appearance of being in early 
metaphase.  If so, the centrosomes would be expected to lead to a multi-polar spindle and 
abnormal chromosome segregation. 

 
• Genomic instability during leukemogenesis in children with NF1.   
Completed. Related to our work on genomic instability in NF1 solid tumors, we recently published our 
discovery of interstitial uniparental disomy as a novel mechanism of genomic instability during 
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leukemogenesis in children with NF1. We submitted a preprint in our last year’s progress report.  See the 
Appendix for the final publication of Stephens K, Weaver M, Leppig KA, Maruyama K, Emanuel PD, Le 
Beau MM, Shannon KM.  Interstitial uniparental isodisomy at clustered breakpoint intervals is a frequent 
mechanism of NF1 inactivation in myeloid malignancies.  Blood 108:1684-89, 2006. 
    In summary, these data suggest that the cases with interstitial uniparental isodisomy arose in a 
leukemia-initiating cell by double homologous recombination events at intervals of preferred mitotic 
recombination. Homozygous inactivation of NF1 favored outgrowth of the leukemia-initiating cell. Our 
studies demonstrate that LOH analyses of loci distributed along the chromosomal length along with copy-
number analysis can reveal novel mechanisms of LOH that may potentially identify regions harboring 
“cryptic” tumor suppressor or modifier genes whose inactivation contribute to tumorigenesis.  
 
Year 2 Statement of Work in original grant application (underlined) and progress:    
 
• Screen subjects with early onset cutaneous neurofibromas that are heterozygous at NF1 for somatic 

mosaicism for an NF1 microdeletion. The cells are ready and will be analyzed by FISH.  These 
experiments were delayed due to the transition to my new academic appointment.  Assuming the no-
cost extension and subcontract are granted, Dr. Wallace and I will establish a collaboration with Dr. 
Karen Swisshelm, a cytogeneticist at the University of Colorado, to perform FISH analyses to rule out 
moscaicism for an NF1 microdeletion. 

• Construct STS-content maps, sequence fosmids, and construct haplotypes. This is part of Aim #4, 
which is not reasonable to pursue as described above.. 

• Obtain cutaneous neurofibromas from NF1 microdeletion adults. To date we have obtained 
neurofibromas from two microdeletion patients, including multiple neurofibromas from on of the 
patients.  In addition, we have obtained MPNST from one of these patients.  Samples are frozen in 
OCT.  These will be examined by immunofluorescence for centrosome abnormalities. These are the 
samples that Dr. Wallace will analyze.  No more tumor speciments will be obtained from patients at 
the University of Washington for these studies. 

• Perform immunohistochemistry and nucleic acid extraction of neurofibromas. Results of 
immunohistochemistry are described above.  DNA has been purified from neurofibromas; our 
specimens will be combined with those of Dr. Wallace to increase robustness of the studies. 

• Assemble data on clinical spectrum of NF1 microdeletion patients; write manuscript. 
We have not identified sufficient new deletion patients to date.  Our collaborator, Dr. Mautner in 
Germany, has a large patient population and many NF1 deletion patients. I will share the phenotypic data 
and deletion data of the few newly-identified patients with Dr. Mautner (anonymously as approved by the 
IRB) to be combined with his data. Hopefully, our data will contribute to his study and conclusions.  No 
further work will be done on this objective.   
 

 
Year 3 Statement of Work in original grant application (underlined) and progress:  
• Screen JJAZ1 gene for inactivating mutations in subjects with early onset cutaneous 
neurofibromas who are heterozygous at NF1 
We developed PCR and sequencing primers and have completed sequencing of the JJAZ1 gene in 5 
patients with early onset cutaneous neurofibromas who are heterozygous for the NF1 gene. These data are 
currently being analyzed by Dr. Stephens.  She has setup the reference files and other documentation 
necessary to employ the MutationSurveyor software program that rapidly detects mutations.  We will 
share our primers and sequencing protocol with Dr. Wallace, who will extend this study by sequence 
anaysis of JJAZ1 in DNAs of subjects of similar phenotype in her cohort. 
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• Continue to obtain cutaneous neurofibromas from NF1 microdeletion adults.   
No more tumors will be collected.  All patient recruitment and specimen collection will be terminated at 
the University of Washington.  We have a pending modification to our IRB to continue analyzing existing 
pathological samples, but to terminate patient recruitment.  Upon approval, appropriate similar documents 
will be filed with the Army IRB. 
• Continue to perform immunohistochemistry of neurofibromas, MPNST, and tumor cells.  

Experiments will continue in the laboratory of Dr. Margaret Wallace, if the pending subcontract is 
granted. 

• Perform microsatellite instability studies on neurofibromas tissue.   
This study was not complete at the University of Washington. We will send the primers and protocols and 
DNA specimens to Dr. Wallace, who will extend the study by including appropriate specimens from her 
cohort. 
• Identify 2nd hit NF1 mutations in neurofibroma. 
Dr. Wallace will complete this aim if time allows.  However, it is not the most important of the objectives 
that remain. 
• Continue fosmid analysis of NF1 region; construct new libraries if needed.  
This is part of Aim #4, which our data described above indicate is not necessary to pursue. 
 
Year 4 Statement of Work in original grant application (underlined) and progress:   
• Submit clinical information on NF1 microdeletion patients to the National Neurofibromatosis 

Foundation International Database.    
Dr. Stephens is assembling the phenotypic data in an appropriate format to submit to Dr. Friedman.  
• Analyze data for phenotype/genotype correlations and prognostic utility.  
Will not be completed.  Phenotype/genotype data from our patients will be shared with Dr. Mautner to 
contribute to his continuation of these studies. 
• Analyze the complete sequence of the NF1 microdeletion region for new genes and paralogs.  
This is part of Aim #4, which our data described above indicate is not necessary to pursue. 
• Perform comparative mapping of final human sequence with that of the mouse.  
This is part of Aim #4, which our data described above indicate is not necessary to pursue.  Furthermore 
this work has been completed and published by us and our collaborators (15). 
 
 
Key Research Accomplishments for this year 
•  
• Consistent with our hypothesis of genomic instability during NF1-related tumorigenesis, we have 

shown that loss of NF1 heterozygosity in NF1-related leukemias occurs primarily by a novel 
mechanism of interstitial uniparental disomy with clustered breakpoints. This work has now been 
published, see reprint in Appendix. (.  Stephens K, Weaver M, Leppig KA, Maruyama K, Emanuel 
PD, Le Beau MM, Shannon KM.  Interstitial uniparental isodisomy at clustered breakpoint intervals is 
a frequent mechanism of NF1 inactivation in myeloid malignancies.  Blood 108:1684-1689, 2006. 

• Consistent with our hypothesis of genomic instability during NF1-related tumorigenesis, we have 
demonstrated that neurofibromin localizes with the centrosome in normal primary cells, cell lines, and 
malignant cell lines mostly of epithelial origin.  We also demonstrated that Schwann cells from 
normal nerves, and from the nonlesional nerve of an NF1 patient with MPNST, do not have 
neurofibromin in the centrosomes. However, because of cellular interactions in the tumor 
microenvironment, this does not rule out a role for either centrosome dysregulation or 
neurofibromin/centrosome interactions in tumors of NF1 patients.  
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• Our preliminary data suggest that cells (of unknown type) in a neurofibroma from an NF1 
microdeletion patient have abnormal centrosome regulation, as demonstrated by structurally abnormal 
and/or multipolar mitoses. This suggests a possible role for centrosome dysregulation in 
neurofibromagenesis.  This discovery also poses the new and exicting possibility that neurofibromin 
haploinsufficiency or deficiency in some tumor cell types may be contributory to centrosome 
dysregulation and aneuploidy during tumorigenesis.   

 
Reportable Outcomes 
Manuscripts (see Appendices) 
Stephens K.  Neurofibromatosis.  In Molecular Pathology in Clinical Practice.  D.G.B. Leonard, Ed.  

New York: Springer –Verlag, 2007.  
Stephens K, Weaver M, Leppig KA, Maruyama K, Emanuel PD, Le Beau MM, Shannon KM.  Interstitial 

uniparental isodisomy at clustered breakpoint intervals is a frequent mechanism of NF1 
inactivation in myeloid malignancies. Blood 108:1684-1689, 2006. 

De Raedt T, Stephens M, Heyns I, Brems H, Thijs D, Messiaen L, Stephens K, Lazaro C, Wimmer K, 
Kehrer-Sawatzki H, Vidaud D, Kluwe L, Marynen P, Legius E.  Conservation of hotspots for 
recombination in low-copy repeats associated with the NF1 microdeletion.  Nature Genet 38:1419-
1423, 2006. 

Perrin GQ, Fishbein L, Thomson SA, Thomas SL, Stephens K, Garbern JY, Deries GH, Yachnis AT, 
Wallace MR, Muir D. Plexiform-like neurofibromas develop in the mouse by intraneural 
xenograft of an NF1 tumor-derived Schwann cell line. J Neurosci Res 85:1347-1357, 2007. 

 
Presentations 
Virginia P. Sybert.  Developmental Embryology of the Skin.  David W. Smith Dysmorphology Meeting, 
Lake Arrowhead, CA  September, 2006. 
Virginia P. Sybert.  Developmental Embryology of the Skin.  Baylor University, Departments of 

Dermatology and Medical Genetics.  March 16 & March 19th, 2007. 
Virgina P Sybert.  Molecular Mechanisms of Skin Development.  University of Washington, Dept of 

Medicine, Division of Medical Genetics.  April 27, 2007. 
 

 
Conclusions 
 We have developed rapid and sensitive assays for the detection and mapping of both the common 
1.4 Mb NF1 microdeletion and novel microdeletions. These assays facilitated identification of patients of 
the same genotype for basic research on recombination hospots and clinical studies on 
genoypte/phenotype and genomic instability during tumor development. We have collected tumors from 
NF1 microdeletion carriers, which are now being examined for mutations and genomic instability. We 
published a new mechanism of genomic instability for NF1-related leukemias that involves interstitial 
uniparental isodomy at clustered breakpoints in the ancestral leukemic cell.  These data suggest somatic 
recombination is favored at specific chromosomal regions, which leads to neurofibromin-deficient tumor 
ancestral cells(s).  We have extended our investigation on genomic instability of primary NF1-related 
neurofibromas, which suggest that centrosomes  are abnormal in number and structure; although the 
type(s) of cells with these defects is unknown.  These data, along with our data showing neurofibromin 
localizes to the centrosome in as least some primary cells and cell lines, suggests neurofibromin may have 
a normal function in centrosome regulation, which is disrupted during tumorigenesis.  We are currently 
analyzing more data regarding genomic instability and plan to continue this work in collaboration with 
Dr. Margaret Wallace. So what?  We have made significant contributions to our understanding of 
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germline and somatic rearrangements that contribute to NF1: Assays for detection of germline NF1 
microdeletions were developed.  The novel mechanism of somatic NF1 loss in NF1-related leukemias add 
to our understanding of leukemogenesis and identifies chromosomal regions were somatic recombination 
may be favored, which could have implications for tumorigenesis of solid neoplasms.  The localization of 
neurofibromin to the centrosome in at least some cells, along with the observation that centrosomes 
appear abnormal in NF1-related neurofibromas, implicates neurofibromin in normal centrosome function 
and in maintaining genome stability.  These observations will be critical to follow up in pathologically-
relevant cells and in tumors.    
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